Background
The skin is the first defensive line against various environmental mutagens which is exposed to ultraviolet (UV) irradiation almost every day, thus the potential risk of UV-induced photodamage is easily neglected. UV irradiation not only causes acute and chronic photodermatosis, but also photoaging of the skin [1] .
In our previous work, we found that p21 was closely related to apoptosis and G2 arrest of UVB-irradiated HaCaT cells [2] . The cyclin-dependent kinase (CDK) inhibitor p21 is a cell cycle inhibitor that binds to cyclin, CDK, or cyclin-CDK complexes to prevent progression of the cell cycle and provide extra time for the repair of cells with DNA damage. If damage cannot be restored, the cell will enter process of apoptosis or cell cycle arrest [3] .
We also found that the protective function of Hsp27 controlling apoptosis from skin photoaging via the mitochondrial caspase-dependent apoptotic pathway [4, 5] . Hsp27 is a small heat shock protein that responds to various stress signals. Hsp27 is well known for its function in inhibiting apoptosis.
Research indicates that HspB1-deficient fibroblasts exhibit increased expression of the CDK inhibitors p27 kip1 and p21 WAF1/CIP1 [6] . A report by Xu et al. suggested that Hsp27 inhibited p21 transcriptional activation and Hsp27 knockdown led to p21 accumulation in kidney 293A cells [7] . Moreover, some studies showed that Hsp27 regulated cell apoptosis or survival by influencing the subcellular localization of p21 [8, 9] . Overall, according to these previous studies, there exists the possibility that Hsp27 and p21 are involved in protecting the skin from UV exposure through anti-apoptotic pathways.
The aims of this study were to elucidate the influence of Hsp27 on UVB-induced apoptosis and to investigate the possible photoprotective mechanisms between Hsp27 and p21 while there are only a few studies reveal it especially in the field of dermatology, which may provide a new therapeutic target for photodermatosis and photodamage.
Material and Methods

Cell culture
HaCaT cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, and maintained at 37°C in an incubator under an atmosphere of 5% CO 2 /95% air. The cells were harvested upon reaching confluency of approximately 70%.
UVB irradiation
The UVB irradiation according to previously described methods [4] . HaCaT cells were washed twice after reaching 70% confluency. The UVB-irradiated HaCaT cells in a thin layer of phosphate-buffered saline (PBS) were exposed to UVB (dosage, 30 mJ/cm 2 ; flux, 1.0 mW/cm 2 ; distance, 10 cm) with the use of a UVB lamp (wavelength, 300-320 nm; Netherlands). The UVB dosage was measured using a UV-B 297 radiometer (Photoelectric Instrument Factory of Beijing Normal University, China). Under identical conditions, control HaCaT cells were sham irradiated without UVB irradiation.
Cell proliferation ability assay
Cell Counting Kit-8 (CCK-8) assay was implemented to test cell proliferation ability. Adherent cells (1000 cells/well) were exposed to UVB and cultured under standard conditions for various periods. Following CCK-8 reagent was added and cultured at 37°C for 2 hours. The absorbance at 450 nm was gauged.
Apoptosis analysis by flow cytometry
The cells were harvested after 24 hours (30 mJ/cm 2 ) and diluted to 1×10 6 cells/mL. Annexin V-fluorescein isothiocyanate and propidium iodide were added (5 μL/well), and cultured for 15 minutes. Flow cytometry and CYTExpert software (Beckman Coulter, USA) were implemented to identify apoptotic cells and apoptotic rate.
Hsp27-lentiviral transfection
In our previous work, shHSP27-b was significantly reduction, so shHsp27-b was selected for lentiviral transfection. Briefly, 2×10 5 cells were seeded into the 6-well plates and cultured overnight. Polybrene at 6 μg/mL was applied to Hsp27-interference lentiviral vectors (Hanbio Biotechnology, China) at multiplicity of infection of 60. The medium inclusion 6 μg/mL of puromycin (NeoFROXX GmbH, Germany) were used for cultivating cells, and the stably transfected cell lines were achieved after 4 passages.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis
Derivatives of total mRNA using RNAiso Plus Total RNA extraction reagent (TaKaRa Biotechnology, China) and PrimeScriptTM RT reagent Kit (TaKaRa Biotechnology, China) was used for reverse-transcription. TB GreenTM Premix Ex Taq™ II polymerase (TaKaRa Biotechnology, China) was implemented to perform the qRT-PCR amplification. Total mRNA was estimated by qRT-PCR and relative mRNA expression was calculated by 2 -DDCt method. The sequences are listed: Akt1-forward/reverse (F/R),
7558
CCG AGG TGC TGG AGG ACA AT / TTG TAG AAG GGC AGG CGA  CC; TP53-F/R, TGC GTG TTT GTG CCT GTC CT / AGT GCT CGC  TTA GTG CTC CCT; p21-F/R, TGC CCA AGC TCT ACC TTC C / CAG  GTC CAC ATG GTC TTC CT. The sequences of Hsp27, Bax, Bcl-2, and GAPDH were listed as previously described [4] .
Western-blotting method
The cells were lysed on ice with radioimmunoprecipitation assay buffer (1% phenylmethylsulfonyl fluoride, 1% combined protease and phosphatase inhibitors; Boster Biological Technology, China). The BCA Protein Assay kit (Beyotime Institute of Biotechnology, China) was used for measuring the protein concentration. Approximately 30 mg of protein were separated on a 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene difluoride (PVDF) membrane. The antibodies used in this study: Hsp27, cleaved caspase-3, Bax, Bcl-2 (Cell Signaling Technology, USA), Hsp27 (Ser82), AKT1/2/3, Akt1 (Ser473), p21 (Abcam, UK), p53, b-actin (Wanleibio, China).
Immunofluorescence staining
Cells were seeded on to coverslips, irradiated with UVB light, and harvested at various time points. Afterward, 4% formaldehyde solution (15 minutes, room temperature) was act on fixed cells, the cell membranes were permeated with 1% Triton X-100 for 10 minutes, blocked with 5% goat or donkey serum for 60 minutes at 37°C, and cultivated overnight at 4°C with primary antibodies. The next morning, the cells were reacted at 37°C for 1 hour with the fluorescent secondary antibodies after washing 3 times. Nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology, China) for 5 minutes in the dark. All cell samples were imaged using laser confocal microscope (LSM 800; Carl Zeiss AG, Germany). The antibodies in this study: Hsp27 
Statistical analysis
GraphPad Prism 5 software (GraphPad Software, USA) and IBM SPSS Statistics 20.0 (IBM Corporation, USA) were used for data analysis. The Student's t-test was used for testing the differences between 2 groups. One-way analysis of variance was used for analyzing the differences among groups. P<0.05 indicated that the difference was statistically significant.
Results
UVB irradiation inhibited viability and increased apoptosis of HaCaT cells
Flow cytometry was performed to identify the influence of UVB irradiation on apoptosis of HaCaT cell. The data suggested that the degree of apoptosis after UVB exposure was significantly greater than sham irradiated HaCaT cells (P=0.0044) ( Figure 1A, 1B ). Next, CCK-8 assay was implemented to test cell proliferation ability. Our data revealed that the cell proliferation ability after UVB exposure was significantly decreased as compared with sham irradiated HaCaT cells (P<0.0001) ( Figure 1C , 1D).
To explore the possible apoptotic pathway of UVB-induced apoptosis, the expression of apoptosis-associated protein and gene were detected. Western-blotting revealed that expression of Bax peaked at 12-24 hours, while Bcl-2 was obviously decreased at 12-24 hours and that of cleaved caspase-3 continued to increase at 72 hours ( Figure 1E ). The results of qRT-PCR analysis of Bax and Bcl-2 were basically the same as those revealed by western-blotting ( Figure 1F, 1G ). These findings clarified that UVB irradiation induced apoptosis of HaCaT cells through activating the Bax/Bcl-2-dependent mitochondrial apoptotic pathway.
UVB irradiation increased the expression of Hsp27 and decreased that of p21 in HaCaT cells
Western-blotting and qRT-PCR analyses were implemented to test the expression of Hsp27 and p21. Western-blotting showed that Hsp27 expression had gradually increased after UVB exposure, the p-Hsp27 (Ser82) increased after UVB irradiation and maximal expression was detected at 12-24 hours. The p21 was significantly decreased at 12, 24, and 72 hours after UVB irradiation ( Figure 2A ). Results of qRT-PCR analysis revealed that mRNA of Hsp27 was increased after UVB irradiation (P<0.01 and 0.001 respectively; Figure 2B ), while that of p21 decreased at 12, 24, and 72 hours (P<0.0001, 0.0001, and 0.05, respectively; Figure 2C ), which was approximately consistent with the expression patterns of the proteins (Figure 2A ). p21 is the specific downstream gene of p53. The classical p53/p21 dependent pathway can result in cell cycle arrest or lead to cell senescence or apoptosis. It has been reported that Hsp27 may contribute to regulation of cellular senescence or apoptosis by modulating p53/p21 pathway [10, 11] . So, in this study, we detected the protein and mRNA expression of p53, respectively. The western blotting revealed that p53 was increased after UVB irradiation (Figure 2A ). The qRT-PCR results showed that mRNA of p53 were in accordance with that of the protein level ( Figure 2D ). The data proved that p53 did not increase the expression of p21 after UVB irradiation. As we know, 
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HaCaT cells are immortalized human keratinocytes that harbor 2 point mutations of p53 [12] , our results demonstrating that mutated p53 failed to transcriptionally activate the p21 promotor, in contrast to that observed with wild type p53 in HaCaT cells [13] .
To further explore the mechanism of Hsp27 in the regulation of apoptosis of HaCaT cells caused by photodamage, Akt expression was tested by western-blotting and qRT-PCR analyses. The results demonstrated that protein and mRNA expression of Akt had significantly increased. Protein expression of p-Akt (Ser473) was obviously increased, the maximal expression was tested at 12-24 hours after UVB irradiation, which was consistent with the expression of p-Hsp27 (Ser82).
Subcellular localization of Hsp27 and p21 in UVBirradiated HaCaT cells
To determine the connection between Hsp27 and p21, co-localization of Hsp27 and p21 at 24 hours after UVB radiation 
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was elucidated by immunofluorescence. The results showed that the Hsp27 and p21 were observed in both the nuclei and cytoplasm of sham irradiated HaCaT cells, and p21 was detectable in the nuclei for 24 hours after UVB irradiation while Hsp27 was mainly localized in the cytoplasm ( Figure 3A) .
These results indicate that Hsp27 and p21 did not co-localize, and the function of p21 was closely related with the subcellular localization of photodamage caused by UVB irradiation in HaCaT cells.
Knockdown of Hsp27 inhibited cell viability and enhanced apoptosis
Hsp27 gene was interfered by lentivirus-delivered shRNA ( Figure 3B , 3C) to demonstrate the photoprotective activities of Hsp27 by suppressing UVB-induced photodamage. Cell proliferation ability was evaluated by the CCK-8 assay. The data indicated that cell proliferation ability was significantly inhibited in shHsp27 cells, as compared with shNC cells (P<0.0001) ( Figure 3F ). Flow cytometry was performed to determine whether Hsp27 contributes to the UVB-induced apoptosis. Results suggested that proportion of apoptotic shHsp27 cells was greater than that of shNC cells ( Figure 3D , 3E) (P=0.0409). Hsp27 inhibition promoted growth inhibition and apoptosis, indicating that Hsp27 plays a photoprotective role in UVB-irradiated HaCaT cells through an anti-apoptotic mechanism.
Knockdown of Hsp27 contributed to apoptosis through the regulation of the subcellular localization of p21 by inhibiting the activation of Akt
It has been reported that Hsp27 might induce activation of p-Akt to promote cytoplasmic localization of p21 [9, 14] . To determine whether this phenomenon exists in UVB-irradiated HaCaT cells, protein and mRNA expression were tested by western-blotting and qRT-PCR. The present study revealed that protein and mRNA expression of Akt and p21 were unaffected by Hsp27 inhibition after UVB irradiation ( Figures 4A-4C ), but p-Akt1 (Ser473) was closely related to p-Hsp27 (Ser82) in HaCaT cells (Figures 2A, 4A ). After exposure to UVB (30 mJ/cm 2 ), the expression of p-Akt (Ser473) was significantly decreased in shHsp27 cells, as compared to shNC cells.
Then, the localization of p21 at different times after UVB irradiation was elucidated by immunofluorescence. Our results showed that p21 was observed in the nuclei of shNC cells after UVB irradiation, but disappeared at 72 hours. In UVBirradiated shHsp27 cells, p21 continued to be present in the nuclei even at 72 hours after UVB irradiation ( Figure 4D, 4E) .
These results indicate that Hsp27 inhibition induced nuclear accumulation of p21 by inhibiting the activation of Akt, which resulted in the failure of cells to enter the proliferation process as well as increased apoptosis. 
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Hsp27 inhibition promoted apoptosis of HaCaT cells by regulation of the p53/Bax/Bcl-2-dependent pathway
Studies have shown that the mutated p53 gene still contribute to apoptosis and differentiation [15] . Bcl-2 and Bax are downstream genes of p53 [16] . To determine whether the anti-apoptosis effect of Hsp27 on UVB-induced photodamage is regulated by p53/Bax/Bcl-2-dependent pathways, lentivirus-delivered shRNA was used for interfering with the expression of Hsp27. The results revealed that protein expression of p53, Bax, and cleaved caspase-3 were increased, while that of Bcl-2 was decreased, as compared to UVB-irradiated shNC cells ( Figure 5A ). The data of qRT-PCR revealed that mRNA expression of Bax and Bcl-2 relative to GAPDH in UVB-irradiated shHsp27 cells were consistent with the trends of protein expression ( Figure 5B, 5C) . These results demonstrated that knockdown of Hsp27 increased apoptosis of photodamaged HaCaT cells, which might be related to the increases in p53 expression, the Bax: Bcl-2 ratio, and cleaved caspase-3.
Discussion
UV irradiation can cause acute or chronic photodermatosis and even skin tumors. Although these diseases vary with the dosage and duration of UV exposure, the physiopathology of them is characterized by UV-induced apoptosis [17, 18] .
Apoptosis, or programmed cell death, is a key factor of cell growth and homeostasis that maintains normal cellular proliferation [18] . The mechanisms of apoptosis are highly sophisticated and involve 2 main pathways: the death receptor pathway and the mitochondrial pathway. Our study indicated that UVB-induced apoptosis of HaCaT cells was caused by activating the Bax/Bcl-2-dependent mitochondrial apoptotic pathway.
There are 2 forms of Hsp27 in cells: constitutively expressed Hsp27, which is mainly induced under physiological conditions and associated with cell differentiation and development, 
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and stress-inducible expression of Hsp27, which is mainly responds to different stress signals that regulate the death receptor pathway and the mitochondrial pathway of apoptosis, thereby inhibiting the occurrence of apoptosis and playing an important role in cell protection [19, 20] . Our study suggested that Hsp27 play a protective role against UVB-induced photodamage via regulation of the anti-apoptotic pathway which have been confirmed in rat skin and HaCaT cells in our previously published article [4, 21] .
The CDK inhibitor p21 is a cell cycle inhibitor which was the marker of wild type p53 activity [3] . Several recent studies have reported that p21-mediated apoptosis was associated with the subcellular localization of p21, localization in cytoplasmic signify survival while in nuclear always indicate the inhibition of growth [22, 23] . Our results demonstrated that p21 was obviously transported to the nuclear region of the UVBirradiated cells ( Figure 3A) . Therefore, we concluded that nuclear localization of p21 also contributes to UVB-induced apoptosis in HaCaT cells.
Furthermore, our data indicated that UVB irradiation induced increase in Hsp27 expression, while the p21 was decreased at both the protein and mRNA levels (Figures 2A-2E) , in contrast to findings of a previous study [13] . Lei et al. ascribed the reduced expression of the p21 protein to its degradation both in the nuclei and cytoplasm, which promoted UVB-induced apoptosis [24] . However, in opposition to our findings, an obvious increase in the translocation of p21 to the nuclear region was observed ( Figure 3A) , which indicated that the function of p21 in UVB-induced apoptosis was closely related to its nuclear localization. Prolonged UVB exposure (12, 24, and 72 hours) was employed in the present study to confirm the findings of Xia et al., while shorter durations (0.5, 1.5, 3, 6, and 9 hours) were used for promoting UVB-induced apoptosis. Furthermore, mRNA expression of p21 was measured by qRT-PCR analysis, unlike the study by Xia et al. The present study demonstrated that UVB irradiation not only decreased the expression of p21 at the protein level, but also decreased the expression of p21 at the mRNA level (Figure 2A, 2C) , in accordance with a report by Datto et al. [25] which pointed out the possibly reason of reduced p21 expression was associated with the loss of p53 function.
Although it remains uncertain whether Hsp27 exerts anti-apoptosis effects through the p21-dependent pathway in response to UVB-induced photodamage, but some research indicated that Hsp27 regulated cell apoptosis or survival by influencing the subcellular localization or transcriptional activation of p21.
In the present study, immunofluorescence staining showed that there was no co-localization of Hsp27 and p21 after UVB irradiation, suggesting that there might be no direct interaction between these proteins ( Figure 3A ).
It has been reported that Hsp27 might induced activation of p-Akt to promote cytoplasmic localization of p21 [9, 14] . -4C ), but p-Akt1 (Ser473) was closely related to p-Hsp27 (Ser82) in HaCaT cells (Figure 2A, 4A) . Then subcellular localization of p21 at different time points was detected by immunofluorescence. Knockdown of Hsp27 induced p21 protein accumulation in the nucleus, which forced the cells to undergo apoptosis. Meanwhile, the nuclear localization of p21 was significantly reduced at 72 hours after UVB irradiation in the shNC group. These results confirmed our hypothesis that the inhibition of Hsp27 did not affect the expression of Akt and p21, but decreased the activation of p-Akt and induced the nuclear accumulation of p21, which suppressed cell proliferation and increased apoptosis. Ultimately, these results suggested that Hsp27 might regulate survival of UVB-irradiated HaCaT cells through Akt/p21dependent pathways.
UV irradiation activates apoptotic pathways through eliciting DNA damage with the activation of the tumor suppressor gene p53 [27] [28] [29] . p21 is the specific downstream gene of p53. It has been reported that Hsp27 contribute to regulation of cellular senescence or apoptosis by modulating the p53/p21 pathway [10, 11] . However, this phenomenon was not observed in photodamaged HaCaT cells caused by UVB irradiation. As we know, HaCaT cells are immortalized human keratinocytes that harbor 2 point mutations of p53, which are typical of UVB-induced DNA damage [12] . Hence, we speculated that activation of the mutated p53 gene failed to increase the transcriptional activity of the p21 gene and the translocation of the p21 protein after UVB irradiation in HaCaT cells, in conformity with a report by Datto et al. [25] . Therefore, we considered that Hsp27 knockdown-induced nuclear localization of p21 might not occur through the classical p53/p21-dependent pathway after UVB irradiation in HaCaT cells.
Furthermore, although the mutated p53 gene was not able to regulate apoptosis of HaCaT cells via the p53/p21-dependent pathway, other studies have demonstrated that mutated p53 still contribute to apoptosis and differentiation [15] . According to our results, knockdown of Hsp27 increased the expression of p53 in UVB-irradiated HaCaT cells. O'Callaghan-Sunol et al. indicated that Hsp27 promoted MDM-2 activity and accelerated the degradation of p53 in drug-treated cancer cells, which is a possible reason for the increase in p53 expression in present study [11] . Subsequently, the expression profiles of Bax and Bcl-2 were modified following the upregulation of p53. Overall, the data revealed that apoptosis was induced in Hsp27-deficient HaCaT cells by activating p53/Bax/Bcl-2-dependent mitochondrial apoptotic pathway after UVB irradiation.
Conclusions
This study selected 2 possible pathways for verification, and found that the classical p53/p21-dependent pathway did not work in photodamaged HaCaT cells. The study intuitively showed the translocation of p21 which accurate explained the regulation mechanism between Hsp27 and p21. Hsp27 exerted photoprotection by modulation of the subcellular localization of p21 through activating the phosphorylated-Akt-dependent pathway and inhibition of the p53/Bax/Bcl-2-dependent mitochondrial apoptotic pathway in HaCaT cells. These findings complemented the mechanism of skin photodamage and demonstrated the photoprotective mechanisms of Hsp27 in HaCaT cells, which might implicate a potential therapeutic target of photodermatosis.
